In attempting to select out penicillin-resistant colonies of staphylococcus from sensitive cultures by the method of Kirby (1) , small G colonies were obtained. When isolated on plates of agar, the colonies in some instances appeared so minute, that growth was detected only with the aid of magnification. A study of this phenomenon was pursued further with many cultures of staphylococcus and with different antibiotics, and minute colonies were again isolated. The small colonies reverted to the normal larger colonies when cultured in the absence of antibiotics. Since the minute colonies originated under the influence of antibiotics commonly used in the therapy of staphylococcal diseases, the possibility presented itself that these colonies might also appear in patients while undergoing treatment with antibiotics.
This report is concerned first, with a brief summary of the literature on G colonies; second, experiments relating to the in vitro conditions under which the minute colonies appeared with the different antibiotics; third, changes in virulence and resistance to the antibiotics displayed by the parent colonies, small colonies, and the reverted large colonies; fourth, the sensitivity to bacteriophage of parent colonies, G colonies and reverted colonies; and, lastly, the isolation of minute colonies from human patients with staphylococcal disease.
REVIEW OF LITERATURE
Small colony variants have been described for many species of bacteria. Most of the variants reported by investigators were obtained from cultures submitted to unfavorable metabolic influences, such as chemicals, antibiotics, and aging. In some instances, isolation was from patients following treatment with antibiotics. Interest in small colonies was stimulated in 1931 by Hadley, Delves, and Klimek (2), who isolated very small colonies of Shigella from broth cultures containing lithium chloride, and reported that they passed through bacteriological filters, and suggested that they were gonidial mutants and part of a normal life cycle. Prior to their report, other workers (3) (4) (5) (6) (7) (8) had noted similar types of colonies.
The method of Hadley, which incorporates selective inhibitory substances in bacteriological media, has been widely used for the isolation of G colonies from cultures of different bacterial species. These substances include lithium chloride, barium chloride, 2-methyl-1,4-naphthoquinone, and sterile filtrates of bacterial cultures (9) (10) (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) (21) (22) (23) . Appearance of G colonies in cultures of filtrates of "transitional" colonies of Salmonella, which appeared on MacConkey agar, has also been reported (24) . Small colonies of the G type have been isolated, without the aid of added inhibitory substances, from old cultures of bacteria and, yeasts (12, (25) (26) (27) (28) (29) (30) (31) (32) (33) (34) (35) (36) (37) .
The selection of G colonies with antibiotics in vitro was first described by Schnitzer, Camagni, and Buck (20) when they observed small colonies in areas where growth of staphylococci had been inhibited by a crude extract of Penicillium notatum. These minute colonies reverted to normal colonial forms when cultivated in the absence of the antibiotic. Similar observations were reported by others (38, 39) who used more purified preparations of penicillin. Barbour (40) (47) small colonies were isolated from the abscess, as well as from the patient's nose. One of two patients reported by Sherris (48) had never received antibiotics; the other had been treated with penicillin.
The general characteristics of G colonies, which have been described for many species of bacteria are similar in most instances but there have been some reports at variance with each other. The reported characteristics may be summarized briefly as follows: Colonies are translucent, sometimes opaque, do not produce pigment and vary in size from 0.02 to 1 mm. (9, 12, 18, 24, 27, 40) . Broth cultures exhibit slight turbidity. Stained specimens have revealed microorganisms which were described as normal and uniform, or irregular and small. The germination period has been described as 1 hour and 45 minutes to 3 hours and 50 minutes for the G organisms, as compared to 36 minutes for the parent organisms (27) . Hemolytic, coagulating and fermentative activity is decreased. The size of the colonies is increased by cultivation in an environment of CO2 or by the use of thiamine, or dextrose and blood in the media (12, 17, 47) . Bacteriophage susceptibility between parent cultures and their G cultures is reported to be different, the same, or decreased in case of the G colony (9, 11, 21, 24, 40) . Cross agglutination with antisera produced with the parent cultures and with the cultures of G colonies is reported to occur in most cases (6, 9, 12, 15, 26, 27, 30, 34, 41, 45) . However, some investigators (2, 3) report no cross agglutination and others (11, 24) state that antisera prepared against G cultures do not agglutinate parent cultures, whereas antisera prepared against parent cultures agglutinate both parent and G cultures. Most investigators (2, 9, 12, 41) have reported the G cultures to be nonvirulent; others (18, 24, 26, 32) report a decrease in virulence; whereas Hadley and Carapetian (15) found an increase in virulence. Heat resistance of G colonies is increased or decreased (9, 21, 22) . The rate of reduction of methylene blue is decreased (27, 31) . There is a decreased catophoretic velocity (27, 31) . The most controversial property of the G organisms is the question of their passage through bacteriological filters. They have been reported by some (2, 9, 15, 24, 25, 28) to be filterable, but others (12, 14, 16, 21, 26, 27, 30, 31, 33) have not been able to demonstrate this characteristic.
The nature and function of G colonies are not known. Hadley, Delves, and Klimek (2) believed them to be part of a normal life cycle. Youmans (13) considered them to be bacteria with a temporary loss of inactivity of certain enzyme functions and a lowered rate of metabolism, brought on by an unfavorable environment. A similar view was expressed by Weinberg (17) , who thought that they were biochemically deficient variants. Lindegren (49) stated that the normal G-type transformation resembled very closely a transgenation (point mutation, gene mutation) which he believed to serve as an adaptive device.
MATERIALS AND METHODS
For the selection of G colonies of staphylococci with antibiotics, a method was employed similar to that used by Kirby (1) in studying the action of penicillin on staphylococci. Large inocula of a broth culture of staphylococci, which had been incubated for 18 hours, were added to each of several Klett-Summerson colorimeter tubes containing 5 ml. of tryptose phosphate broth 2 and 2 Difco Laboratories, Inc., Detroit, Michigan. as measured by a Klett-Summerson photoelectric colorimeter, and varied from 0.3 to 1.0 ml. in all the experiments, but a constant amount was used with each antibiotic. A series of control tubes were prepared to determine the rate of growth in the absence of antibiotics, to indicate the possibility of contamiration of uninoculated broth containing antibiotics, and to serve as a control for turbidimetric readings. All tubes were incubated at 370 C. The turbidity of each tube was determined at frequent intervals for 14 days. Every two days a portion of the contents of each tube was subcultured to plates of trypticase soy agar.3 After incubation the agar plates were examined with the aid of a stereoscopic microscope and selected small colonies were subcultured in broth for 24 hours. Reverted large colonies (RV) were obtained from all G cultures. All cultures were maintained on agar plates in the refrigerator and in broth-at minus 100 C.
RESULTS
Thirty individual strains of coagulase-positive staphylococci were studied. All strains were susceptible to low concentrations of all the antibiotics. The number of strains tested with each antibiotic was as follows: penicillin, 20; erythromycin, 10; carbomycin, 9; bacitracin, 9; streptomycin, 13; oxytetracycline, 8; and chloramphenicol, 8. Although many small colonies were selected for subculture, the majority yielded large cultures after 24 hours of incubation. However, fifteen stable G cultures were obtained. The number of G cultures produced with each antibiotic was as follows: penicillin, 6; erythromycin, 2; carbomycin, 3; and bacitracin, 4. None was isolated in the presence of streptomycin and chloramphenicol. Color changes which occurred with oxytetracycline precluded adequate determinations of turbidity, and no G colonies were obtained with this antibiotic. In most instances, G colonies were isolated after the parent culture had been lysed by the antibiotic, and were present in only one concentration of the antibiotic.
The pattern of changes of turbidity of the cul- Figure 1 ) the curvesof turbidity showed lysis occurring in all tubes. In agreement with Kirby (1), this took place more completely in the presence of the lower concentrations of antibiotic. After an initial clearing of the broth because of the lysis of the staphylococci, turbidity began to increase on the eighth day in the broth containing 0.1 unit per ml. The subculture from this tube showed hundreds of G colonies.
In the presence of bacitracin ( Figure 2 ) rapid growth of the parent culture occurred in the lower concentrations, whereas lysis took place in the tube containing 100 units per ml. followed by the appearance of G cultures in this tube on the seventh day.
In the case of erythromycin ( Figure 3 ) the bacterial turbidity increased for one day with partial lysis occurring over a period of five to seven days, when small colony variants began to appear.
With carbomycin (Figure 4 ) G colonies were obtained on the ninth day in the tube containing 10 micrograms per ml.
Since it had been demonstrated that G colonies could be selected out with different antibiotics, comparative studies were made with organisms from large colonies, G colonies and reverted large colonies. These investigations included a study of the general characteristics, susceptibility to bacteriophage, sensitivity to the antibiotics, production of penicillinase and virulence for small animals. Because reversion of the G colonies to large colonies occurred readily, carefully controlled measures had to be employed to detect whether G colonies or reverted large colonies were being used in the initial inoculum. This was done by inoculating the surface of agar plates with a portion of the broth culture used as the initial inoculum. Thus, after an incubation period of 24 hours, the composition of the culture used at the beginning of an experiment could be ascertained. Similarly, since reversions could occur during the period of observation both in vitro and in vivo, subcultures of the contents of tubes and material from animals were made at the conclusion of the experiment. Only in this way could significant observations be interpreted. Figure 5 . The G colonies were translucent and nonpigmented, having a diameter of less than 0.1 mm., and were seen with difficulty except by reflected light or with magnification. They could be easily overlooked. When cultivated in the absence of antibiotics, they reverted to colonies of normal appearance. The reversion proceeded at slow or rapid rates; some cultures reverted almost completely within 24 hours, while others remained stable for periods of a month or more. The rate of reversion was characteristic of the strain. Contrary to the report of Youmans and Delves (19), G colonies could readily be produced from reverted cultures, and with much more success than they could be obtained from normal parent cultures. The method used for procuring G cultures (G2) from reverted cultures (RV) was the same as that employed for determining sensitivity of bacterial cultures to antibiotics with the tubedilution method (50) . This consisted of adding 0.5 ml. of a 1-100 dilution of an 18-hour broth culture of the reverted strain to test tubes containing 0.5 ml. of twofold serial dilutions of the antibiotic. After incubation of 24 hours, subcultures from the tubes containing the lowest concentration of antibiotic in which no bacterial growth was visible showed the presence of G colonies (G2) in most instances.
The stained cells of G cultures of staphylococci were usually indistinguishable from those of the parent cultures in regard to uniformity in size, shape, and tinctorial properties. Some G strains showed pleomorphism with large swollen cells. The G cultures did not show any evidence of growth in Gladstone's synthetic medium, whereas this medium did support growth of the parent cultures (51) . The G colonies were nonhemolytic.
Although coagulase activity could not be demonstrated by the tube method in the usual three hours, some strains showed slight coagulase activity at 18 hours. It is possible that the coagulase activity at the end of this longer period was due to reverted cells. Penicillinase could not be demonstrated. G cultures which were adapted to grow in concentrations of penicillin up to 2000 units per ml. did not manifest penicillinase activity.
With reversion of the adapted penicillin-resistant G strains to the large colony forms there was a loss of the acquired resistance ( Table I ). The G cultures were susceptible to the bactericidal action of human defibrinated whole blood, whereas the parent and reverted strains were resistant to this action. This was observed using a method described by Spink and Vivino (52) . The cultures were incubated in blood for 24 hours at 370 C. and tested for viability. The results are shown in Table II . With reversion there was a return which confirms the observations of others (20, 38) . On the other hand, Hale (21) reported that the G colony was four times more sensitive to penicillin than the parent strain. Sensitivity of related variants in which the G culture had been selected with penicillin showed no significant differences in sensitivity to chlortetracycline. In comparing related variants in similar studies with erythromycin, carbomycin, and bacitracin, there was observed a two to threefold increase in resistance of the G cultures over the parent strains; however, on reversion a decrease in resistance could not be adequately demonstrated since, as indicated previously, the reverted strains produced many G colonies when placed in the antibiotics.
Comparative virulence studies with related variants were carried out by injecting the strains intradermally into rabbits and noting the skin reactions, and intravenously into mice and observing the lethal effect (53) . For these studies all cultures were incubated 24 hours in tryptose phosphate broth. To standardize the inocula for injection, the parent and reverted cultures were diluted with sterile broth to a degree of turbidity equal to the turbidity of the G culture. The number of bacteria could not be determined in the G cultures since subsurface colonies could not be readily seen with the plate method. The inoculum of the diluted parent and reverted cultures, however, contained from 200,000,000 to 1,200,000,000 cells per ml. All intradermal and intravenous injections consisted of 0.25 ml.
In the rabbit the sites of intradermal injections of the G cultures were just discernible after 48 hours. But at the sites of injections of the parent and reverted strains, there were edema, erythema, and pustule formation, and after four to six days areas of necrosis appeared. The reverted strains produced necrotic reactions in the skin that were of similar or greater severity than the reaction produced by the related parent strains.
The lethal results following the intravenous inoculation of mice are charted in Figure 6 . Twenty white mice of the same age, weight, and genetic strain were injected with each culture of the related variants. At the end of 120 hours there was 100 per cent survival of mice receiving the G culture. These mice continued in apparent good health for two weeks, at which time they were sacrificed and G cultures were isolated from their kidneys. At the end of 24 hours the fatality rates of the "reverted" and "parent" groups were 90 per cent and 25 per cent, respectively. All mice receiving the reverted strain were dead in 72 hours and all receiving the parent strain were dead in 120 hours. Cultures of the spleens, livers, and kidneys of mice which had been injected with the parent and reverted strains revealed staphylococci in great numbers. The outstanding features of these studies were first, the increased virulence which occurred with reversion of the avirulent small-colony variants, and second, the continued existence of the G cultures in the kidneys of apparently normal mice. The presence of G colonies of staphylococci in human material was investigated by examining with magnification the original cultures of approximately 500 specimens of blood, exudate, urine, and other body fluids. Ten cultures of G colonies were isolated from eight patients, as shown in Table IV . Seven of the patients were being The G cultures are devoid of hemolysin and coagulase activity; there is an increase in nutritional requirements; and biochemical activity is diminished. The G variants have a loss of virulence and remain viable in animal tissues without producing signs of infection. Reversion to cultures of large colonies in vivo has not been proved. The small forms remain stable in the presence of antibiotics in concentrations that do not destroy them. When cultivated in the absence of antibiotics, G colonies revert to large colonies, and there is a restoration of the reproduction of hemolysin and coagulase. The reverted form is as virulent as the original parent strain, and in some cases is more virulent. The reverted strain is similar but not identical to the parent, because the reverted strain may display increased virulence, and G colonies are obtained from reverted cultures more readily than they can be selected from the parent. Bacteriophage typing of related strains proved their genetic relationship and eliminated the possibility that these cultures were contaminants.
Small colony variants have been isolated from human sources, in which the patients with one exception gave a history of therapy with antibiotics or sulfonamides. It is not unlikely that optimum concentrations of antibiotics for the survival of G colonies may occur in human tissues during therapy of staphylococcal infections, and under these conditions avirulent small-colony variants may be selected out, and remain undetected. Following cessation of therapy, reversion to a virulent form may occur, and relapse of the infection may ensue. Careful bacteriological studies should include a search for G colonies subsequent to apparently successful treatment in patients with staphylococcal disease. Further investigations are now under way to determine how long the G variants will remain in tissues and under what conditions reversion to the large virulent colonies will occur. CONCLUSIONS 1. Small colony variants (G variants) of staphylococci were selected out with the aid of antibiotics.
2. The characteristics of the G variants were studied and they are as follows: Compared to the parent strain, they have less hemolytic activity and produce less coagulase. The nutritional requirements are more demanding. The G cultures are less virulent, and remain viable in tissues of apparently normal animals. The G cultures were two to eightfold more resistant to the antibiotics than the parent cultures.
3. Reversion of G cultures to large colonies took place when cultivated in the absence of antibiotics. The characteristics of the reverted forms were the same as the parent cells, except the virulence of the reverted forms was increased in some instances.
4. Bacteriophage typing of the parent cells, and related G forms and reverted large colonies, showed a genetic relationship, which ruled out the possibilities of contamination.
5. Cultures of G colonies were obtained from human sources following treatment with antibacterial drugs.
